The medium cut-off (MCO) dialyzer has shown good clearance of large middle molecules, but its long-term effects are unclear. We investigated whether MCO hemodialysis (HD) over one year could reduce middle molecule levels and cell-free hemoglobin (CFH), without albumin loss. A prospective cohort study in 57 hemodialysis patients was conducted. The patients were assigned to the MCO dialyzer group or the high-flux dialyzer group, according to the HD machine they used. The reduction ratio (RR) and one-year changes in small and middle molecules and CFH were analyzed. Over a 12-month follow-up, MCO HD did not reduce the serum levels of middle molecules (lambda free light chain [FLC], from 135.7 ± 39.9 to 132.0 ± 39.1 mg/L; kappa FLC, from 168.2 ± 58.5 to 167.7 ± 65.8 mg/L; β2-microglobulin, from 25.6 ± 9.6 to 28.4 ± 4.8 mg/L) or albumin (from 3.96 ± 0.31 to 3.94 ± 0.37 g/dL). MCO HD provided excellent RR of lambda FLC (49.3 ± 10.3%), kappa FLC (69.6 ± 10.4%) and β2-microglobulin (80.9 ± 7.3%), compared to high-flux HD. CFH was also removed well during an MCO HD session (RR of CPH,.3] %), but long-term change was not significant (from 57.8 [46.2-79.1] to 62.0 [54.6-116.7] mg/L). The MCO dialyzer can be used effectively and safely in conventional HD settings, but long-term effects on large middle molecules and CFH were not significant. Further studies are needed to verify clinical benefits of the MCO dialyzer.
Introduction
When end-stage renal disease (ESRD) develops, various organ functions deteriorate due to accumulation of uremic toxins, leading to high mortality rates [1, 2] . Uremic toxins exhibit a broad array of physicochemical characteristics, mechanisms of generation, and pathobiological actions at the cellular and molecular levels [3] . According to the size and protein-binding properties of toxins, uremic toxins can be classified as small molecules (<500 Da), middle molecules (>500 Da-60 kDa), and protein-bound molecules [4] .
Traditional hemodialysis (HD) membranes have focused on removal of small molecule toxins, such as urea and creatinine, but gradually middle molecule toxins have attracted attention because of their impact on disease progression and mortality [5, 6] . After introduction of highflux membranes and on-line hemodiafiltration (ol-HDF), clearance of β2-microglobulin a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 dramatically improved, but larger middle molecules, which also function as critical toxins, were still insufficiently removed [6] [7] [8] . Recently, medium cut-off (MCO) dialyzers, a novel class of membranes with a higher pore size designed to increase the removal of larger middle molecules were introduced into clinical settings [9] . Recent studies on the use of the MCO dialyzer in HD patients have shown efficient removal of β2-microglobulin and larger middle molecules, such as kappa and lambda free light chains (FLC), complement factor D, and α1-microglobulin [10] [11] [12] . However, because data to date were based on short-term use of the dialyzer, longer observational studies are essential to confirm the efficacy and safety of the MCO dialyzer.
Cell-free hemoglobin, a 62.6 kDa protein in plasma, can be generated from mechanically stressed erythrocytes during extracorporeal therapies [13, 14] . It is increased during HD sessions and is much higher in HD patients than in the normal population [15, 16] . The adverse effects of CFH were previously reported in studies of hemolytic anemia, malaria, sepsis, and blood transfusions [17] [18] [19] [20] . Increased levels of CFH in HD can cause decline of nitric oxide bioactivity and subsequent endothelial dysfunction [15] . We were interested in CFH because a previous in vitro study revealed that some degree of CFH could be eliminated during HD with the MCO dialyzer [21] .
Taken together, we investigated whether using the MCO dialyzer for up to 12 months could decrease the levels of middle molecules and CFH, while keeping serum albumin steady.
Materials and methods

Study design and patients
This prospective observational study was performed in patients with ESRD from the Dialysis Unit of Soonchunhyang University Cheonan Hospital in Cheonan, Republic of Korea. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Institutional Review Board of the Soonchunhyang University Cheonan Hospital (2018-07-033). All study participants provided informed written consent prior to study enrollment.
In the dialysis facility, three different kinds of dialysis machines, including Artis (Gambro Dasco, Medolla, Italy), AK200 ULTRA S (Gambro AB, Lund, Sweden), and Fresenius Medical Care (FMC) 5008 dialysis machines (FMC Deutschland, Bad Homburg, Germany) have been used. The kind of machine assigned to the patients was the machine available at the first HD in this facility, and was not changed thereafter. The membrane selected for use was either Gambro's (Revaclear 400 or Theranova 400) or FMC's (FX CorDiax 80), according to the particular dialysis machine used by the patient. Before October 2017, when the Theranova 400 dialyzer was introduced in the facility, all patients were on HD with a high-flux membrane (Revaclear 400 and FX CorDiax 80), then the Revaclear 400 membrane was changed to an MCO membrane (Theranova 400). Therefore, there has been a high-flux HD group (FX CorDiax 80) and an MCO HD group (Theranova 400) in the facility since October 2017.
Inclusion criteria included age over 20 years and ESRD requiring HD treatment thrice weekly for at least six months. Exclusion criteria were patients who were not clinically stable, had hemolytic disease, had history of blood transfusion during the study period or patients who declined to participate in the study. Patients were followed for a year, from October 2017 to September 2018. The dialysis regimen of each patient, including blood flow, dialysate flow, and treatment time duration per session was not altered. All patients were treated with bicarbonate dialysate of ultrapure quality, and dialyzers were used only once.
Samplings and analyses
Baseline pre-dialysis blood samples were drawn before the introduction of the MCO membrane, and follow-up pre-dialysis and post-dialysis samples were drawn one year after baseline.
Blood was collected in serum-separating tubes and allowed to stand for 30 minutes, then centrifuged for 10 minutes at 3,000 rpm at room temperature within one hour. The serum was extracted and stored at -70˚C until analysis. Immuno-turbidimetric assays were used for measurements of kappa FLC, lambda FLC, and β2-microglobulin. An electrochemilumino-immunoassay (ECLIA) was used for measurement of vitamin B12. Cell free-hemoglobin in serum was measured using a hemoglobin colorimetric assay kit (Biovision, Milpitas, CA), according to the manufacturer's instructions. Residual renal functions were calculated by the equations derived from the previous studies using the baseline β2-microglobulin levels [22, 23] .
Calculations
Using pre-dialysis and post-dialysis samples, the reduction ratio (RR) of small and middle molecules was calculated using the following formula:
where C pre and C post are measured serum concentrations of the solute before and at the end of the HD session, respectively. Post-dialysis concentrations of middle molecules were corrected for hemoconcentration using a single-compartment kinetic model with the following formula, according to Bergström and Whele [24] :
where BW pre and BW post are patient's body weight before and at the end of the HD session, respectively.
Statistical analyses
Statistical analyses were performed using R version 3.4.3 (The R Foundation for Statistical Computing, Vienna, Austria). Categorical variables were expressed as counts (percentage), normally distributed continuous variables as means ± SD, and non-normally distributed continuous variables as medians (interquartile ranges). Differences between two independent groups were analyzed by Student's t-tests for normally distributed continuous variables, and by Mann-Whitney U test for non-normally distributed continuous variables. Differences between two dependent groups were analyzed by paired samples t-tests for normally distributed continuous variables, and by Wilcoxon signed-rank test for non-normally distributed continuous variables. Categorical variables were analyzed using the Pearson's Chi-squared test or Fisher's exact test, as appropriate. The linear mixed model was used to examine the difference of the monthly doses of erythropoietin-stimulating agents (ESA) between high-flux and MCO groups. P-values < 0.05 were regarded as statistically significant, and two-tailed tests were performed in all hypothesis tests.
Results
Patient characteristics at baseline
A total of 57 participants were enrolled in this study, which included 19 high-flux HD patients and 38 MCO HD patients. Their mean age was 54.6 ± 10.7 years, with a dry weight of 58.0 ± 12.2 kg, and median dialysis vintage of 73 (range, 37-178) months. Baseline clinical characteristics according to dialyzer types are presented in Table 1 . There was no significant difference between high-flux HD patients and MCO HD patients. There was no patient who used a temporary HD catheter, and 91% of patients had a native arteriovenous fistula as their vascular access.
Changes after one-year treatment
The levels of basic laboratory parameters and middle molecules before and after the one year treatment are listed in Table 2 . In high-flux HD patients, there was no significant changes in listed parameters between baseline and 12 months. After using the MCO dialyzer for one year, serum sodium and potassium concentrations were decreased (sodium, P = 0.006; potassium, P = 0.003), and serum ferritin and β2-microglobulin concentrations were increased (ferritin, P = 0.007; β2-microglobulin, P = 0.046). Large middle molecules, such as lambda and kappa FLC maintained similar concentrations. Serum albumin levels were not significantly decreased over one year of treatment with the MCO dialyzer (Fig 1) . In all parameters, the amounts of 1-year changes were not significantly different between the high-flux and MCO groups (S1 Table) . Incidence of adverse events were not differ between high-flux group and MCO group (S2 Table) . Monthly dosage of ESA was not significantly changed after one-year treatment with MCO dialyzer (S1 Fig) . When analyzed with a linear mixed model after the adjustment of baseline ESA doses, there was no difference of ESA doses between high-flux group and MCO group over one-year treatment (P = 0.796).
Solute removal during a hemodialysis session
Blood level changes of small and middle molecules in each treatment are shown in Table 3 . In high-flux HD, serum levels of kappa FLC, β2-microglobulin, vitamin B12, and urea nitrogen were decreased (P < 0.001), but lambda FLC was not significantly decreased (P = 0.557). In MCO HD, lambda FLC, as well as kappa FLC, β2-microglobulin, vitamin B12, and urea nitrogen were significantly decreased after an HD session (P < 0.001). RR of the molecules according to dialyzer types are presented in Fig 2. The RR of middle molecules were adjusted for hemoconcentration. The RR of lambda FLC (high-flux, 13.5 ± 12.5%; MCO, 49.3 ± 10.3%; P < 0.001), kappa FLC (high-flux, 38.1 ± 20.3%; MCO, 69.6 ± 10.4%; P < 0.001) and β2-microglobulin (high-flux, 71.0 ± 8.8%; MCO, 80.9 ± 7.3%; P = 0.002) in MCO HD were higher than those in high-flux HD. The RR of vitamin B12 (high-flux, 5.2 ± 9.7%; MCO, 4.6 ± 10.0%; P = 0.830) and urea nitrogen (high-flux, 78.4 ± 6.3%; MCO, 78.0 ± 6.9%; P = 0.827) were similar between both dialyzer types.
Removal of cell-free hemoglobin
There was no significant difference in serum CFH concentration from baseline to 12 months in either the high-flux group (from 50. (Fig 3A) . During an 
Discussion
Our clinical study examined long-term effects of the MCO dialyzer compared to the high-flux dialyzer. We showed that reduction ratios of middle and large middle molecules in the MCO group were higher than those of the high-flux group. However, despite a 12-month treatment with the MCO dialyzer, the serum levels of these molecules were not lowered significantly.
The MCO membrane was developed to expand toxin removal while preventing serum albumin leakage, by increasing pore size and reducing pore size distribution compared to high-flux membranes [9] . Recent studies reported that MCO HD removed large middle molecules, including lambda FLC (molecular weight of 45 kDa) and α1-glycoprotein (molecular weight of 41 kDa) more sufficiently than high-flux HD and ol-HDF [10] [11] [12] 25] . To evaluate its longterm effect, Zickler et al. conducted a study of the MCO dialyzer, and reported that lambda FLC was significantly reduced after 12 weeks of use [25] . In our study, removal of large middle molecules was excellent during a single MCO HD session, in agreement with other studies, but long-term decreases in serum concentrations of these molecules were not observed. These results indicate that reduction of blood levels of uremic toxins by MCO HD was insufficient in a conventional clinical setting, such as in a thrice weekly HD schedule. Ward et al. described the insufficient long-term β2-microglobulin reduction despite of high clearance rate in hemodiafiltration, because of the rebound of the molecules after hemodialysis session [26] . Limited treatment time may be not enough to remove the toxin reside in tissues and the toxin produced between each hemodialysis session. However, our study showed that MCO membrane's solute removal capacity might reduce the absolute exposure of uremic toxins over the course of a week. It is unclear whether a reduction in absolute exposure of uremic toxins could improve clinical outcomes. More evidence is required to verify the clinical benefit of MCO dialyzer.
Kirsch et al. reported that the albumin loss in MCO HD was 2.9 (1.5-3.9) g or 3.2 (1.9-3.9) g per session, which was within the range observed in ol-HDF, but higher than in high-flux HD [10, 27] . Another study reported that after a 12-week treatment with the MCO dialyzer, serum albumin levels decreased from 3.72 to 3.64 g/dL (P < 0.0001) [25] . Contrary to this result, there was no significant decrease in serum albumin level during the 12-month observation period in our study. Our results suggest that the MCO dialyzer can be used safely in terms of albumin loss. We believe that albumin loss during an MCO HD session could activate albumin synthesis in the liver to keep serum albumin levels constant. Loss of newly-generated albumin might be beneficial if protein-bound toxins are collaterally cleared.
The CFH concentration in the general population is known to be in the range of 6 and 34 mg/L [16] . Because CFH can be released from destruction of red blood cells during extracorporeal therapies, it is significantly elevated in hemodialysis patients. One study reported that pre-HD CPH concentrations were 196 ± 43 mg/L and increased to 285 ± 109 mg/L after HD with a low-flux dialyzer [15] . The mean CFH concentration in our study was 55. 4 [46.1-77.9] mg/L, which was higher than the general population, but lower than previously reported in HD patients. The lower CFH concentrations found in our study compared to the previous study [15] might be caused by improved biocompatibility of the membrane and relatively lighter participants (58 kg versus 74 kg). In our data, CFH was significantly correlated with dry weight of participants (R = 0.395, P = 0.002). Because the previous study, which was conducted with bovine blood, reported that CFH could be removed during MCO HD, we focused on CFH removal in HD patients using the MCO dialyzer. In our study, CFH was significantly reduced during an HD session with the MCO dialyzer, but not with the high-flux dialyzer. Nonetheless, as with large middle molecules, CFH decreased by MCO HD was not found during one year of follow-up. The RR of CFH was higher than expected, given the high molecular weight of 62.6 kDa. CFH can be dissociated from a tetramer into dimers with molecular weights of 31.3 kDa, with varying degrees of dissociation [21] . The beneficial effect of CFH removal during a HD session has not been investigated.
There were a few limitations to this study. First, we conducted an observational cohort study, instead of a randomized controlled trial, which could lead to selection bias. Second, evaluation of clinical outcomes was limited in this study. The information about adverse events and ESA dosage have been provided in this study, but these results have to be carefully interpreted because of the limited number of subjects and just one year follow up period. Other clinical endpoints, such as quality of life or nutritional status, need to be studied in future research. Our study also could not determine whether removal of CFH during an HD session reduced CFH-related toxicity. Third, ol-HDF data was not included in this study. We could not include ol-HDF participants because ol-HDF has been assigned to symptomatic or imbalanced patients in our dialysis unit. More comparison data are required because previous studies showed conflicting results in the comparison of solute removal between ol-HDF and MCO HD [10, 12] . Fourth, residual renal functions of the participants were not accurately investigated because the amount of urine output and 24-hour urine data was not collected in this study. Instead, residual renal functions were estimated by baseline β2-microglobulin levels using two different estimating equations [22, 23] , and there were no significant differences between two groups. Residual renal function is very important because it could influence the long-term clearance of middle molecules. Although the dialysis vintage tended to be a little shorter than the high-flux group in the MCO group (dialysis vintage of high-flux HD group, 120.0 [28.0-192.5] months; MCO group, 71.5 [45.0-151.3] months), there was no statistical significance (P = 0.767). This trend could not be ignored because the limited number of participants could make the tests insignificant. We need to be careful in interpreting the results because of the possible differences of residual renal function originated from the possible difference of dialysis vintage between two groups.
In conclusion, there was no significant long-term reduction of large middle molecules and CFH during 1-year treatment with the MCO dialyzer. The clearance of large middle molecules was much improved in the MCO dialyzer group, compared to the high-flux dialyzer group, without long-term albumin loss. The MCO dialyzer can be used effectively and safely in conventional HD settings. Future studies are warranted to reveal the clinical impact of the MCO dialyzer, especially on aspects of mortality and cardiovascular events. 
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